Protein folding is a topic of fundamental interest since it concerns the mechanisms by which the genetic message is translated into the three-dimensional and functional structure of proteins. In these post-genomic times, the knowledge of the fundamental principles are required in the exploitation of the information contained in the increasing number of sequenced genomes. Protein folding also has practical applications in the understanding of different pathologies and the development of novel therapeutics to prevent diseases associated with protein misfolding and aggregation. Significant advances have been made ranging from the Anfinsen postulate to the "new view" which describes the folding process in terms of an energy landscape. These new insights arise from both theoretical and experimental studies. The problem of folding in the cellular environment is briefly discussed. The modern view of misfolding and aggregation processes that are involved in several pathologies such as prion and Alzheimer diseases. Several approaches of structure prediction, which is a very active field of research, are described.
Introduction
Protein folding is a topic of tremendous intellectual interest since it completes the information transfer from DNA to the active protein product; it represents the last part of the genetic message according to the following:
In a sense, it represents the first step of morphogenesis. As written by Jacques Monod: «Dans le processus de structuration d'une protéine globulaire, on peut voir à la fois l'image microscopique et la source de développement épigénétique de l'organisme luimême.» [1] . Furthermore, the fundamental principles of protein folding have practical applications in the understanding of different pathologies, in the exploitation of the advances in genome research, and in the design of novel proteins with special functions.
The mechanisms by which a nascent polypeptide chain reaches its three-dimensional and functional structure has intrigued scientists from many decades. As far back as 1929, a time when nothing was known about the sequence or three-dimensional structure of proteins, a time when some scientists denied that proteins were real molecules, Wu [2] had analyzed the denaturation process and its recovery into the native state. Several papers were published around 1930 showing the reversibility of the unfolding process, as long as the disulfide bridges were not disrupted, leading to the concept that protein folding is a spontaneous process. In the 1950's, significant thermodynamic contributions underlined the importance of non covalent interactions in protein stability, among them those of Linderstrøm-Lang, Lumry, Klotz and Kauzmann. An important concept arose in 1959 when Kauzmann suggested that the hydrophobic effect is the driving force directing the folding process [3] . These historical aspects have been reviewed by Ghélis and Yon [4] .
Starting in the 1960's, the determination of the three-dimensional structure of proteins by X-ray diffraction (to be joined in the 1980's by NMR spectroscopy) provided a new basis for structure analysis and for studying the folding process. Significant progress started to be made when Anfinsen succeeded in refolding denatured and reduced ribonuclease into a fully active enzyme. From this success, he concluded famously that the folding of a protein is determined by its amino acid sequence. It has been proposed that the same mechanisms are involved in in vivo folding. A significant corpus of information has been deduced from the even increasing number of folding studies, and the progress in instrumentation and experimental approaches has provided incomparable insights into the characteristics of the folding intermediates. The increasing number of protein structures available in the Brookhaven PDB (17.500 as of march 2002) has shown that the number of folds is relatively small, with only 32 different protein domain architectures [5] . In 1987, the discovery of molecular chaperones has led to a reconsideration of the folding process. Nevertheless, the evidence gathered over many years supports the statement referred to as the Anfinsen postulate [6] , even for folding in vivo assisted by molecular chaperones. The fundamental question is how the sequence codes for the folding of a protein.
Several models have been proposed to describe the mechanism of folding. The development of theoretical studies from the end of 1970 has brought new insight into this problem. From the convergence of theoretical and experimental studies a unified view of the folding process, referred to as the "new view", has progressively emerged.
The spectacular developments in molecular biology providing access to many thousands of genome sequences including the human genome make the solution of the problem all the more urgent. They have provided a real stimulus for the research in structure prediction. The refolding process is crucial for the industrial production of engineered proteins. The design of novel proteins also requires knowledge of the folding mechanism. And it is now known that several pathologies result from misfolding and aggregation of proteins. Thus unravelling the mechanisms of protein folding represents one of the most challenging problems in biology today. This is an extremely active field of research and involves aspects of biology, chemistry, biochemistry, computer science and physics.
Milestone studies of protein folding The Anfinsen postulate and the Levinthal paradox
The remarkable success of Anfinsen in refolding denatured and reduced ribonuclease into a 100% active enzyme marked the beginning of intensive research into the protein folding. His conclusion was succinct: "All the information necessary to achieve the native conformation of a protein in a given environment is contained in its amino acid sequence" [6] . The corollary of this postulate is the thermodynamic control of protein folding, meaning that the native conformation is at the minimum of Gibbs free energy. This statement was discussed by Levinthal in a consideration of the short time required by the folding process in vitro as well as in vivo, which is order of seconds or minutes [7] . Indeed, for a protein made up of a hundred aminoacid polypeptide chain, and assuming only two possible conformations for each residue, there are about 10 30 possible conformations. If we assume that only 10 -11 seconds is required to convert a conformation into another, the time required for a random search of all conformations would be 10 11 years!!! Such a situation is referred to as the Levinthal paradox and has dominated discussions for the last three decades, leading to different models for the folding pathway. Different mechanisms have been proposed to solve the Levinthal paradox. For Levinthal himself and later for Wetlaufer [8] , protein folding would be under kinetic rather than thermodynamic control. During its folding the protein would be trapped in an energy minimum but not the global minimum, a high energy barrier preventing the protein from reaching this latter. Regardless, however at the precise mechanism envisioned, it was clear that a random search of the native conformation was not realistic and that evolution has found an effective solution to this combinatorial problem.
Pathways of protein folding

Folding models
Different models arising either from theoretical consideration [9] [10] [11] [12] [13] , simulations [14] [15] [16] [17] [18] [19] [20] , or experimental observations [21] [22] [23] have been proposed. The classical model of nucleationpropagation which applies to helix-coil transitions [24] [25] involves a nucleation step followed by a rapid propagation, the limiting step being the nucleation process. This model was initially proposed to explain the kinetic results concerning the refolding of ribonuclease A.
Although it accounted for the cooperativity of the process, it was forsaken after new experimental results were obtained [26] . More recently a nucleation-condensation model has been proposed by Fersht [27] . This model proposes the formation of weak local nucleus stabilized by long range interactions.
A sequential and hierarchical model of protein folding was supported by several authors and was generally accepted for many years [23, 27] . According to this model, the first event, nucleation, is followed by a rapid formation of secondary structures which associate to generate supersecondary structures, the domains and eventually the active protein, following a unique route. Similarly, the "framework" model implies that the secondary structures are formed in an early step of the folding process before the tertiary structure takes place. It emphasizes the role of short range interactions in directing protein folding [28] .
A modular model of folding was proposed based on consideration of the three-dimensional structures of proteins. Domains consist of compact substructures within protein molecules larger than 15-20kDa. They have been considered as folding units capable of folding independently which assemble to yield the native protein [8, 29] . It was suggested that not only domains but also subdomains may be considered as folding units [30, 31] . The modular model also accepts a hierarchy and a unique pathway of folding.
The diffusion-collision model was developed in 1976 by Karplus and Weaver [9] and reevaluated in 1994 [10] in the light of more recent experimental data. It assumes that nucleation occurs simultaneously in several parts of the polypeptide chain generating microstructures which diffuse, associate and coalesce to form substructures with a native conformation. These microstructures have a lifetime controlled by segment diffusion, so the folding of a 100 to 200 amino-acid polypeptide chain can occur in a very short time (less than a second). According to this model, the folding occurs through several diffusion-collision steps.
The hydrophobic collapse model considers that the first event of protein folding consists of a collapse that occurs via long range interactions, before or in the same time as the formation of secondary structures [32] . It was inspired by the hydrophobic effect proposed by Kauzmann.
The jigsaw puzzle model was introduced by Harrison and Durbin in 1985 [33] . The authors proposed the existence of multiple protein folding pathways, as in the assembly of a jigsaw puzzle in which multiple routes exist to reach a unique solution. According to this model, the identification of intermediates represents a kinetic description rather than a structural one, each intermediate consisting of heterogeneous species in rapid equilibrium. This model presents some similarities with that proposed by Karplus and Weaver. However it was the subject of controversy until recently.
Detection and characterization of intermediates in protein folding
The unfolding-refolding transition under equilibrium conditions has often been described as a two-state process which applies to very cooperative transitions. The two-state approximation is often verified for small proteins; the intermediates are generally unstable and poorly populated at equilibrium. When the folding process satisfies the two-state approximation, the change of free energy of unfolding, G 0 , may be easily determined. This value varies between 5 and 15 kcal/mol for most proteins indicating a relatively low stability (for reviews see [4, 34, 35] ).
The attempts to solve the Levinthal paradox has stimulated many kinetic studies. These investigations have demonstrated the existence of intermediates in the folding pathway, even when the two-state approximation describes the overall process. For many proteins, monophasic unfolding kinetics and multiphasic refolding kinetics are frequently observed. The structural characterization of the intermediates is a prerequisite to solving the folding problem. However, two major impediments to characterizing these species are the high cooperativity and the rapidity of the process. Such intermediate species generally have a very short lifetime making the analysis of their structural properties difficult. In spite of these inherent difficulties, much effort has been devoted to characterizing these transient species. Technological advances allowed some of these intermediates to be structurally characterized. Furthermore, for some proteins, transient folding intermediates were accumulated by the use of low pH, or protein engineering, or by working on protein fragments unable to complete the folding process, making possible their characterization. More recently, submillisecond kinetic methods have improved the resolution time of kinetic studies allowing detection of the early events of folding.
Thus, different techniques have been used to trap the folding transient species. Kinetic trapping of intermediates during the refolding of disulfidebridged proteins was developed by Wetlaufer [36] and applied to lysozyme [36] as well as for bovine pancreatic trypsin inhibitor [37, 38] . An elegant method using pulse chemical labelling was elaborated by Ghélis [39] and applied successfully to the refolding of elastase. Efficient methods such as stopped-flow mixing coupled to circular dichroism, and NMR using rapid hydrogen-deuterium exchange associated with a mixing system allowing the pulse labelling of transient species, have provided a significant amount of information [40] [41] [42] . Protein engineering has also been efficiently employed to stabilize intermediates or to probe particular regions, and also to analyze the transition state during the folding process [43] [44] [45] . Another approach frequently used is the study of protein fragments [46, 47] . Transient folding species have been found to accumulate at low pH for several proteins, particularly for -lactalbumin, permitting the study of their structural properties [49] .
The occurrence of secondary structures in the early steps of the folding process has been detected for several proteins (for reviews see ref. 22, 23, 48 However, the secondary structures observed in the early steps of the folding process are not always native-like structures. For several proteins nonnative secondary structures are formed in the early folding steps. Such a situation has been reported for the 2-subunit of tryptophan synthase [52] and for -lactoglobulin [60] . The folding of hen egg white lysozyme involves transient steps corresponding to a reorganization of secondary structures [61] . Even in the case of the paradigmatic molten globule oflactalbumin, several differences have been observed by NMR spectroscopy. The molten globule appears as a heterogeneous species in which the helical domain is structured but has highly fluctuating hydrophobic interactions, whereas the -sheet is rather disordered. The sidechains of Tyr103, Trp104 and His107 are packed into a hydrophobic cluster, but the structure in this region differs from that observed in the native protein [62] [63] [64] An intermediate species preceding the molten globule state has been identified by Ptitsyn[65] , and Uversky and Ptitsyn [66, 67] . This species is less compact than the molten globule, and displays hydrophobic regions accessible to the solvent. It contains significant secondary structure content, but less than that of a molten globule. It has been called "pre-molten globule" by Jeng and Englander, and its occurrence has been observed during the refolding of several proteins [68] [69] [70] [71] . An abundant literature concerning the molten globule appeared in the 1990s. The properties and the role of the molten globule state in the folding process have been reviewed by Arai and Kuwajima (2000) [72] . The rapid formation of transient intermediates with a significant secondary structure content is supported by a great number of observations [48, 71, 72] . Thus, it has been inferred that the folding process originates from short range interactions. However, these transient species appear in the dead-time of a stopped-flow device and it is possible that their formation might be preceded by an earlier event.
According to another point of view, the earliest event in the folding of a polypeptide chain is a hydrophobic collapse preceding the formation of secondary structure or occurring simultaneously, and being followed by a reorganization of a small number of condensed states, as postulated by Dill [32] . This view emphasizes both the hydrophobic effect, as proposed earlier by Kauzmann, and the role of long range interactions in the initiation of the folding process. Several experimental studies are consistent with such a mechanism [45, 61, [73] [74] [75] [76] [77] [78] [79] [80] . Residual microstructures persisting during the unfolding process have been characterized for several proteins. Neri et al., [81] identified a hydrophobic cluster in the 434 repressor. The presence of local residual structures has been reported in FK506 binding protein [82] , in dihydrofolate reductase [78] , in a peptide from BPTI [73, 74, 83] , and in staphylococcal nuclease [77, 78] . In phosphoglycerate kinase, and two of its mutants containing only one of the two tryptophan residues, residual microstructures around W308 et W333 have been detected by fluorescence emission spectroscopy during the unfolding process [45] .These structures may be involved in the folding process as hydrophobic nucleation centers.
Classical rapid mixing techniques such as stopped-flow, continuous flow and quenched flow are limited to the millisecond time scale preventing the analysis of folding events occurring within the initial burst phase. Indeed, most studies have shown the occurrence of very fast events which are complete within the dead-time of a conventional stopped-flow device. The characterization of the very early events that initiate the process is crucial to resolve the mechanism of protein folding. Recent technical advances to improve the resolution time of kinetic studies have been made [84] . Submillisecond mixing techniques have been developed [85] and applied to the folding of cytochrome c [86] . Non-mixing techniques such as the classical T-jump [87] , nanosecond infrared laser-induced T-jump [88] , picosecond T-jump [89] , nanosecond laser photolysis [90] , optical electron transfer [91] , and dynamic NMR methods [92] have been reported. These techniques allow detection of very fast events which occur on a time scale of less than a microsecond. The upper limit for the rate of protein folding has been evaluated to be 1µs -1 [93] in agreement with theoretical estimates [94] . The initial collapse of apomyoglobin into a compact state is complete in less than 20µs as reported by Ballow et al. [95] . The authors have detected two very fast phases during the folding of this protein. The first phase occurring in 240ns is a local collapse around Trp14 and consists of non-native hydrophobic contacts and helix formation. During the second phase within 5µs, helix A makes contact with two other helices helix H and helix G. Native myoglobin is generated in a final phase of 0.9s.
From these different studies, it appears that the very fast events of protein folding consist of a hydrophobic collapse accompanied by the formation of secondary structures, although the latter depends on the protein. For small singledomain proteins a strong correlation between folding rates and the contact order, i.e. the average separation between contacting residues has been reported by Gontcharova et al., [96] . A thermodynamic explanation has been proposed by the authors: "When interacting residues are close in the protein sequence, the entropic cost of chain ordering is partially compensated by the formation of contact earlier in the folding process, leading to a smaller folding free energy barrier." In other words, the folding rates are largely determined by the topology of the native protein.
The formation of the molten globule occurs after the very fast events and might be followed by intermediate events which precede the rate limiting step that generates the native and functional proteins. This last step includes the precise ordering of the elements of secondary structure [97] and the correct packing of the hydrophobic core [98] . In some proteins but not all, it consists of cis-trans proline isomerization [21, 99] , the reshuffling of disulfide bonds [36] , the correct domain pairing in multidomain proteins, and subunit assembly in oligomeric proteins [4, 27] . For several proteins, the rate-limiting step consists of a reordering of misfolded species. 
Autonomous folding units
In large proteins, the polypeptide chain is folded in several compact structures, referred to as domains, within the molecule. A domain has more contacts with itself than with the rest of the molecule. These domains have been considered by Wetlaufer [8] as folding units, forming structural folded modules that then assemble to generate the native protein. Several reviews concerning the role of domains in the folding process have been published, among them those of Ghélis & Yon [4] , Jaenicke [27, 100] , and Zheng & Wu [101] . Many experimental data have shown that domains behave as folding units giving rise to a native-like structure. For example, the autonomous folding of domains has been shown for the N-terminal domain of II cristallin [102] , the NAD + binding domain of glyceraldehyde dehydrogenase [103] , the phosphate binding domain of aspartate amino transferase [104] , and the SH2 domains of p60 and p85 proteins involved in the signal transduction system [105, 106] .
Several methods for identifying the presence of domains within protein molecules have been used. The classical one is limited proteolysis. Using such a technique, Ghélis et al., [107] have shown that the C-terminal domain of elastase can refold spontaneously from a reduced and unfolded form, and that the two isolated domains are able to associate yielding an enzyme with a weak but significant activity.
Domain predictions from the threedimensional structure of proteins using different computer algorithms have been reported (for a review see ref. 101 ). When the three-dimensional structure is known, genetic engineering can also be used to obtain separate domains. This technique has been used in our laboratory to study the role of domains in phosphoglycerate kinase, containing two domains of approximately the same size (Fig.  1) . We have shown that the independently expressed engineered N-and C-domains have native-like structures and are capable of refolding cooperatively [108] [109] [110] . Furthermore the isolated C-domain still binds Mg-ATP with a stoichiometry of 1, with about the same affinity as the native protein. Although some local perturbations in the structure of the N-domain have been detected, each domain behaves as an autonomous folding unit in vitro as well as in vivo. However, it has not been possible, via a variety of experimental procedures, to generate the active enzyme by association of the two separate domains. The ability of independently folded domains to associate to yield an active protein has been observed in only a few cases, such as thioredoxin [111] , elastase [107] , and methionyl-t-RNA synthetase [112] . The correct folding of isolated domains is not generally sufficient to yield a functional complementation of a protein.
In many proteins, the N-and C-termini are spatially adjacent in the three-dimensional structure, making engineered circular permutations possible. In phosphoglycerate kinase, for example, after linking the two extremities of the polypeptide chain, a discontinuity can be introduced in either one or the other domain. Such a circular permutation does not prevent the protein from achieving a native and functional conformation. However, it significantly decreases the stability of the enzyme by about 4kcal/mol, suggesting that the continuity of the domains is required for the stability, but not for the correct folding of phosphoglycerate kinase [113] .
Several investigations on the folding of fragments smaller than domains have been carried out (for reviews see ref. 4, 34, 46, 100) . Different pairs of fragments from phosphoglycerate kinase have been produced by sitedirected mutagenesis followed by chemical cleavage [114] . The cleavage positions have been selected in order to correspond to limits between structural sub-domains after consideration of the three-dimensional structure. Several fragments smaller than a domain have a quasi-native structure, but their unfolding transition exhibits a very low cooperativity. A discontinuity in thesheet perturbs the folding process. Furthermore, several pairs of fragments have been found to give functional complementation; among them at least one of the two fragments was not significantly folded when isolated. It seems that the association of individual complementary fragments occurs in a non-native structure and conformational rearrangements through long range interactions.
From the great number of results, it appears that the modular model does not account for a general mechanism of protein folding.
The new view of protein folding: the energy landscape and the folding funnel
From the amount of experimental studies of protein folding, most experimentalists accepted a sequential model of folding pathway as illustrated in Fig. 2 . This pathway includes a kinetic competition between the correct folding and a sidereaction which generates misfolded species and eventually aggregates. More recently, a unified model of protein folding based on the effective energy surface of a polypeptide chain has arisen from theoretical studies; it has been introduced by Wolynes and colleagues [115] . This is referred to as the "new view" and describes the folding process in terms of an energy landscape and a folding funnel. It has evolved during the last few years from both experimental and theotical results through the use of simplified models. This model describes the thermodynamic and kinetic behaviour of the transformation of an ensemble of unfolded molecules to a predominantly native state as illustrated schematically in Fig. 3 . Thus, as written by Wolynes et al., "to fold, a protein navigates with remarkable ease through a complicated landscape" [115] . According to this view, protein folding consists of a progressive organization of ensembles of partially folded structures that arise through multiple routes [116] [117] [118] . A wide variety of folding behaviour emerges from the energy landscape depending on the energetic parameters and conditions. Towards the bottom of the folding funnel, the number of protein conformations decreases as does the chain entropy. The steeper the slope, the faster the folding.
The energy landscape of protein folding resembles a partially rough funnel (Fig. 3) whose local roughness corresponds to transient trapping of the protein in local free energy minimum. In Fig. 4 (left) an idealized smooth funnel is represented in three dimensions; in this case, the folding process is very fast and follows a two-state behaviour. In contrast, Fig. 4 (right) shows a rough energy landscape with kinetic traps arising from energy barriers; in this situation a slower and multistate folding can be observed. When local barriers are high enough, protein molecules can be trapped and, depending on the nature of the states, eventually aggregate.
As written by Dobson and Karplus [119] : "An important aspect of the new view is that it provides a simple way of understanding why the Levinthal paradox is not a real problem.". The energy landscape and the folding funnel metaphor provides a conceptual framework for understanding the different scenarios of protein folding and also protein misfolding and aggregation. This view is in fact a rationalization of the jigsaw puzzle model [33] . Thus, the new view has progressively replaced the classical model of a hierarchical and sequential pathway of folding and is now quite generally accepted. Even, Baldwin recognized in 1994: "In retrospect, it seems that Harrison and Durbin may have had the right idea." [120] .
Recent experimental results are consistent with this view. There is an increasing amount of evidence showing that the initially extended polypeptide chain folds through a heterogeneous population of partially folded intermediate species in fluctuating equilibrium. Parallel alternative pathways have been reported for the refolding of hen egg lysozyme and cytochrome c [121] . Recent interpretations of protein engineering experiments support the idea that the transition state for a folding reaction consists of a distribution of structures rather than of a single structure [122, 123] .
Protein folding in the cellular environment
The main rules of protein folding have been deduced from in vitro and in silico studies. It has been accepted from Anfinsen's time on that in vitro refolding is a good model to understand the mechanisms by which a nascent polypeptide chain acquires its three dimensional structure in the cell. However, the intracellular environment markedly differs from that of the test tube where low protein concentrations are used. The interior of cells is highly crowded with macromolecules. For example, the concentration of total protein inside cells ranges between 200 and 300 g/l, whereas that of RNA ranges between 300 and 400g/l, and polysaccharides also contribute to the crowding [124] . Moreover, inside cells, polypeptide chains are synthesized in a vectorial fashion by ribosomes. Under these conditions, do the same mechanisms account for protein folding?
This question has been particularly intriguing since the discovery of molecular chaperones in 1987. Since there, the field has been intensively studied and many functional as well as structural data have been gathered, allowing significant progress in the understanding of the mechanisms used by molecular chaperones to assist the folding process. More than 20 protein families have been identified as molecular chaperones. The best known, the heat-shock protein Hsp 70 (Dnak in Escherichia coli), and hsp40 (DnaJ in E.coli) show little or no specificity for the proteins they assist. Molecular chaperones interact with unfolded proteins according two different mechanisms. Most small chaperones bind transiently to small hydrophobic regions of nascent polypeptide chains, preventing aggregation and premature folding. This binding and release by some, but not all, small molecular chaperones is regulated in a complex ATP-dependent way. In contrast, large chaperones such as the system GroEL-GroES in prokaryotes or TriC in eukaryotes completely sequester the nonnative proteins in a central cage. Both electron microscopy [125] and high resolution crystallography [126, 127] , joined with kinetic studies and dynamic fluorescence [128] [129] [130] , have provided significant information about the GroELGroES machinery in the folding process. GroEL consists of two heptameric rings stacked back-toback with one another, with a central cage large enough to accommodate proteins up to 70kDa. This assembly is capped by GroES in the complex.
The mechanism of GroEL-mediated protein folding is illustrated in Fig. 5 [131] . The non-native protein binds to the apical domain of the unoccupied upper ring of the GroEL-GroES asymmetric complex. ATP and GroES bind to the same ring, thus encapsulating the protein. The binding of GroES induces a large conformational change in GroEL. In the bottom ring, ATP hydrolysis, which is an allosteric process, produces a conformational modification allowing this ring to bind a non-native protein. This conformational change promotes subsequent binding of ATP and GroES in the lower ring, and simultaneously disrupts the upper complex, leading to its ejection of GroES and release of the protein. If the protein has not reached its native state, it is subjected to a new cycle. Thus, the upper and lower rings operate alternatively in a coordinated manner. Nevertheless, the state of the protein during its sequestration is poorly resolved. For reviews see Wang & Weissman [131] and Ellis & Hartl [132] .
Several theroretical studies on the folding mediated by GroEL have been made. Molecular dynamic simulations have shown that the structural transition inGroEL is entirely concerted [133, 134] . Theoretical attempts derived from an energy landscape viewpoint to include the role of chaperonins have been reported [135] .
To summarize, the molecular chaperones, by their transient association with nascent, stressdestabilized or translocated proteins, have a role in preventing improper folding and aggregation. They do not interact with native proteins. They transiently associate with non native proteins through hydrophobic interactions. They do not carry information capable of directing a protein to assume a structure different from that dictated by the amino acid sequence. Therefore molecular chaperones assist the folding in vivo without violation of the Anfinsen's postulate. Furthermore, they increase the yield but not the rate of folding reactions; in this respect they do not act as catalysts. When the formation of the correct structure is kinetically favoured in vivo, the help of molecular chaperone is not required. In the cells, fewer than 15% of biosynthesized proteins need the assistance of molecular chaperones to achieve their native conformation. The role of molecular chaperones in cells is to prevent aggregation and the ability of normal proteins to fold rapidly is an important evolutionary development to minimize aggregation.
Misfolding, aggregation and pathological consequences
Protein aggregation is a widespread phenomenon that arises from early folding intermediates through kinetic competition between proper folding and misfolding. It can occur under particular conditions or following certain mutations. The formation of aggregates depends on such conditions as protein concentration, pH, temperature, ionic strength, or redox environment. It has been reported to occur for in vitro refolding of monomeric as well as oligomeric proteins. The aggregates are formed from non-native protein by intermolecular interactions which compete with intramolecular interactions. Their formation has often been considered as a nonspecific association of partially folded polypeptide chains through hydrophobic interactions. However, several analyses suggest that aggregation can occur by specific intermolecular interactions, including domain swapping [136] [137] [138] [139] [140] . This last mechanism involves the replacement of one domain of a monomeric protein molecule by the same domain in another polypeptide chain, thus resulting in an intertwined oligomer. Transient oligomeric species are formed very quickly during the refolding of phosphoglycerate kinase, but they nevertheless yield a native monomeric protein [141] . Several other papers have shown the occurrence of transient oligomerization of proteins during the folding process [142] [143] [144] [145] .
The generally accepted hypothesis for protein aggregation is that either in the folding process or as a result from fluctuations, partially folded intermediates are populated. In these intermediates some hydrophobic regions are exposed, thus permitting aggregation. The morphology of the aggregates could be either ordered in which amyloid fibrils are formed, or amorphous resulting in inclusion bodies. This view is supported by experiments on a number of proteins [146] .
Aggregates can also accumulate during the in vivo folding of nascent polypeptide chains synthesized in prokaryotic and eukaryotic cells. It occurs commonly when recombinant proteins are overexpressed in foreign hosts, where the high concentration of proteins leads to the formation of inclusion bodies. Such a problem remains critical for the development of the biotechnology and pharmaceutical industries. It is also critical for the post genomic research into proteins coded by the great number of genomes already sequenced. Several procedures have been developed to restore native proteins from inclusion bodies [147] . Although there are no general methods to prevent aggregation, a number of strategies have been developed such as immobilization, molecular chaperones, stabilizing reagents such as arginine, and optimisation of growth conditions. Protein aggregation resulting in the formation of amyloid fibrils plays a key role in the origin of several pathologies such as spongiform encephalopathies.
There are severe neurodegenerative diseases such as Kuru, Creutzfeld-Jacob disease (CJD) and fatal familial insomnia (FFI) in humans, scrapie in sheep, and bovine spongiform encephalopathy (BSE) or mad cow disease, associated with an abnormal prion protein. Alzheimer's disease is also characterized by the presence of amyloid fibrillar deposits in brain tissue. However, Alzheimer's disease is a more complex process during which the amyloid precusor protein (APP) is initially cleaved by proteases, -or -secretase and then by asecretase, generating polypeptides of 40 (A 40) or 42 (A 42) amino acids which aggregate into amyloid structures. The A 40 is significantly less amyloidogenic than the A 42 polypeptide [148] . There are at least 16 human amyloidogenic proteins known to abnormally self-assemble that are responsible for the pathologies shown in Table 1 [149]. All are characterized by a cross-repeat structure involving -strands perpendicular to the axis of the fibril. The fact that amyloid fibrils have a high -sheet content has been observed by a number of methods including infra-red spectroscopy, circular dichroism, NMR, and atomic force microscopy.
Prion diseases may result from genetic, infectious or sporadic disorders. The epidemic of BSE in Europe and the recent extension to humans have naturally attracted much interest in the molecular processes that are involved in the transmissible spongiform encephalopathies. This field has been the object of intense study which has permitted important advances in the structure, chemistry and genetics of prion proteins. Folding, misfolding and aggregation have all been investigated. The tremendous number of results obtained on the prion protein have served to establish without a doubt the "protein only" concept introduced in 1982 par Prusiner with the acronym and anagram of INfectious PROtein [150] , and the definition of a prion as a "proteinaneous infectious particle that lacks nucleic acid.". Indeed no nucleic acid has been found to be involved in the propagation of the infectious agent. Moreover, no replication of prions have been found in mice deficient of the normal protein PrP c [151] . The normal protein PrP c , whose physiological role is not really known, is converted into the pathological PrP sc through a structural transformation in which parts of the -helices of the native structure are converted into -strands. The pathological form is protease resistant, unlike the normal one (for a review see Prusiner 1998 [152] ). The threedimensional structure has been obtained by NMR spectroscopy for recombinant PrP c from hamster, mouse, bovine and human (for a review see [153] ). The global architectures of PrP c from these organisms are very similar. The C-terminal part of the polypeptide chain is folded into a wellstructured globular domain which contains three helical segments and two short -strands (Fig. 6A) . By contrast, the N-terminal part forms a flexible extended "tail" (Fig. 6D) . The results of many studies are consistent with a mechanism in which PrP sc acts as a template for the conversion of nascent PrP c into PrP sc . The heterodimer could be an intermediate for the propagation of prion strains giving rise to the infectious process.
A number of investigations has lead to the determination of the amino acids responsible for the species barrier, i.e. for the lack of transmission from a species to another. This question has been extensively discussed on the basis of a data base of prion sequences and the pairwise superposition of the known three-dimensional structures. Some of these residues localized in the C-domain are indicated in figure 6C . Consideration of the human and cattle PrP c structure of the globular domain, appears to support the idea that the barrier between these species would be small.
Several simulations and computational analyses of prion proteins have been made to investigate the conversion of PrP c into PrP sc and subsequent propagation (for a review see [154] ). Using lattice models, Dima et Thirmalai [155] explored protein aggregation mechanisms and showed that the process occurs through parallel pathways. Starting from two different models, they concluded that aggregation could occur via several distinct 320 
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mechanisms that depend not only on the amino acid sequence but also on external conditions. Recent observations have shown that several proteins unrelated to amyloid diseases, such as ordinary lysozyme or myoglobin, are able to aggregate in vitro into amyloid fibrils indistinguishable from those found in pathologic conditions [156] [157] [158] . Furthermore, it has been found recently that species formed early in the aggregation of non-disease associated proteins can be inherently highly cytotoxic [159] . Therefore the control of misfolding and aggregation is of fundamental importance for cell viability.
Prediction of protein structure
The prediction of protein structure from the amino acid sequence has been a problem of great interest for many years. As the number of completely sequenced genomes rapidly increases, such prediction becomes an important challenge. Assigning the three-dimensional protein folds to genome sequences is essential to determine the coded proteins' functions. Yet only a small fraction of the proteins coded by the genes will be suitable for experimental structure determination. Consequently, computational structure predictions are the subject of intense activity. To compare and evaluate the different techniques of structure prediction, since 1994, an experiment has been organized every two years, CASP, which stands for Critical Assessment of Structure Prediction. It consists of a blind trial in which structures are predicted from protein sequences and compared to unpublished structures submitted by crystallographers and NMR spectroscopists. Then, the structures are revealed during a meeting held in December at Asilomar, California to enable the assessment of the predictions. The first CASP meeting was held in December 1994 and CASP4 in December 2000. As written by B.Honig and colleagues [160] "The very existence of CASP is a testimony to the fact that protein structure prediction has become a very real and serious enterprise."
The methodologies used can be divided into three general strategies: comparative modelling, fold recognition or threading, and ab initio methods. Comparative modelling identifies target sequences with clear sequence homology to proteins of known structure. The challenge is to obtain the more accurate model for both the main chain and the side chains. Fold recognition, or threading, involves the identification of a known fold that provides the lower energy score for the structure of a query sequence. Ab initio methods consist of the construction of models without any use of fold recognition, and entirely based on physical chemical principles. These methods involve the development of an energy function capable of identifying the most stable conformation of a protein, and a scoring function for the evaluation of protein models. Significant progress in prediction methods has been noted in CASP4, must notably in the field of ab initio protein folding.
The ultimate goal is to determine the biological function of the proteins coded by the genes. Several algorithms exist that recognize structure similarities in proteins, among them CATH [161] , and SCOP [162] . However, it is not straightforward to infer functional properties from fold similarity. Indeed, ten highly populated fold groups, referred to as superfolds, are associated with three or more functions. For example, 14 functions are associated with the TIM barrel fold and 35 with the Rossman fold [163] . However, structure prediction should help to explore protein function, especially when additional biological information is available.
We shall adopt this summary from Dobson et al., [121] 
